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SILOXANE RESIN-BASED ANTI-REFLECTIVE COATING COMPOSITION 

HAVING HIGH WET ETCH RATE 

BACKGROUND OF TVCF. INVENTION 
5 The present invention relates generally to the field of antireflective coatings for use in 

fabricating semiconductor devices. More particularly, it relates to antireflective coatings 

C 

formed from dyed siloxane resins. 

Photolithography is a known technique in the art of semiconductor fabrication. In a 
10 typical photolithography process, a semiconductor wafer is coated with a barrier layer, aJk.a. 
an anti-reflective coating (ARC) layer. Thereafter, a photoresist layer is coated on the ARC 
layer. The photoresist/ARC/semiconductor wafer is then brought into proximity to a source 
of electromagnetic radiation (EM), typically ultraviolet light (UV) having a wavelength from 
about 150 nm to about 300 nm, and a mask is interposed between the EM source and the 
15 photoresist/ARC/semiconductor wafer. The mask is generally opaque to the wavelength of 
EM used, but has transparent regions defining a desired pattern to be imparted to the 
photoresist layer. 

When the source emits EM, the mask allows exposure of EM to particular and user- 
defined regions of the photoresist layer. Both positive photoresists and negative photoresists 
20 are known. In a positive photoresist, the regions of photoresist exposed to UV, as well as the 
regions of the ARC layer thereunder, will be sacrificed during subsequent developing steps. 
In a negative photoresist, the regions of photoresist which are not exposed to UV, as well as 
the regions of the ARC layer thereunder, will be sacrificed during subsequent developing 
steps. 

25 Regardless of the details of the photolithography process, an ARC layer desirably has 

several properties. One property is a relatively high extinction coefficient, z.e., a relatively 
strong ability to absorb the wavelength of EM used, rather than reflect the EM up to the 
photoresist layer. A second property is a relatively low resistance to liquid stripping agents, 
such as diluted hydrofluoric acid, in order to more quickly and easily be removed after 

30 photolithography and minimize the extent of damage by a stripping agent to the low-k 
dielectric material on a wafer. 
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SUMMARY OF THE INVENTION 

In one embodiment, the present invention relates to a composition, comprising a dyed 
siloxane resin having the formula (HSi03/2) a (Si04/2)b(HSiX 3 /2)c(SiX4/2)d, wherein each X is 
independently -O-, -OH, or -0-(CH 2 ) m -Z„, provided at least one X is -0-(CH 2 ) m -Zn, wherein 
5 Z„ is a polycyclic aromatic hydrocarbon moiety comprising n aromatic rings, each m is 
independently an integer from 1 to about 5, and each n is independently an integer from 1 to 
about 6;0<a<l,0<b<l,0<c<l,0<d<l, anda + b + c + d= l. 

In another embodiment, the present invention relates to a method for preparing a 
siloxane resin composition, comprising reacting a trialkoxysilane, a tetraalkoxysilane, and 

10 water in the presence of a hydrolysis catalyst, to form a siloxane resin having HSi0 3/2 , Si0 4/2 , 
(HSiX 3/2 ) and SiX'4/2 units, wherein X' is independently -O- or -OH, and having substantially 
no silicon-carbon bonds; and reacting the siloxane resin with a compound having the formula 
HO-(CH 2 ) m -Zn, wherein each m is independently an integer from 1 to about 5, and each n is 
independently an integer from 1 to about 6, to form the siloxane resin composition. The 

15 method can be performed as sequential steps or a single step. 

In a further embodiment, the present invention relates to a method of preparing an 
anti-reflective coating on a substrate, comprising coating a composition onto a substrate to 
form a coated substrate, wherein the composition comprises a siloxane resin having the 
formula (HSi0 3 /2)a(Si0 4 y2)b(HSiX3/2)c(SiX4/2)d, wherein each X is independently -O-, -OH, or 

20 -0-(CH 2 )m-Zn, provided at least one X is -0-(CH 2 ) m -Z n , wherein Zn is a polycyclic aromatic 
hydrocarbon moiety comprising n aromatic rings, wherein each m is independently an integer 
from 1 to about 5, and each n is independently an integer from 1 to about 6;0<a<l,0<b< 
1, 0 < c < 1, 0 < d < 1, and a + b + c + d=l;and curing the coated substrate, to form the anti- 
reflective coating on the substrate. 

25 In yet another embodiment, the present invention relates to a semiconductor wafer, 

prepared according to the above method of preparing an anti-reflective coating on a substrate. 

The dyed siloxane resin compositions of the present invention provide ARC layers 
having relatively high extinction coefficients for UV having wavelengths from about 150 nm 
to about 300 nm, and a relatively low resistance to liquid stripping agents such as dilute 

30 hydrofluoric acid, a.k.a. a high wet etch rate. 
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DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 

In one embodiment, the present invention relates to a composition, comprising a 
siloxane resin having the formula: 

(HSi0 3 y2)a(Si0 4 /2)b(HSiX3/2)c(SiX4/2)d, 

5 wherein each X is independently -O-, -OH, or -0-(CH 2 ) m -Z n , provided at least one X 

is -0-(CH 2 ) m -Zn, wherein Z n is a polycyclic aromatic hydrocarbon moiety comprising n 
aromatic rings, wherein each m is independently an integer from 1 to about 5, and each n is 
independently an integer from 1 to about 6;0<a<l,0<b<l,0<c<l,0<d<l, and a + 
b+c+d= 1. 

10 The HSi03/2 and Si0 4 /2 units are well known to the skilled artisan. Typically, a small 

proportion of "Si0 4 /2" units comprise some one or more silanol (Si-OH) moieties, that is, 
some Si0 4 /2 units can have formulas such as HO-Si0 3/2 , (HO^SiO^, etc. and remain within 
the scope of the term "Si0 4 /2 units." 

The HSiX 3 /2 units, as hereby defined, refer to units comprising one or more of the 

1 5 following structures. For convenience, only one of the three non-H silicon valences is shown 
in each of the following structures; the two valences not shown can be selected from any of 
the following structures. In one structure, wherein an X is -O-, the HSiX 3/2 unit will 
comprise Si-O-, by which is meant that the oxygen of the X moiety is bonded to a silicon 
atom of another unit of the resin. In another structure, wherein an X is -OH, the HSiX 3/2 unit 

20 will comprise Si-OH, which can be referred to as a silanol moiety. In a third structure, 
wherein an X is -0-(CH 2 ) m -Z n , the HSiX 3/2 unit will comprise Si-0-(CH 2 ) m -Z n . 

The SDUn units, as hereby defined, refer to units comprising one or more of the 
following structures. For convenience, only one of the four silicon valences is shown in each 
of the following structures; the three valences not shown can be selected from any of the 

25 following structures, provided at least one X is -0-(CH 2 ) m -Zn. In one structure, wherein an X 
is -0-, the SDUn unit will comprise Si-O-, by which is meant that the oxygen of the X moiety 
is bonded to a silicon atom of another unit of the resin. In another structure, wherein an X is 
-OH, the SiXL^ unit will comprise Si-OH, which can be referred to as a silanol moiety. In a 
third structure, wherein an X is -0-(CH 2 ) m -Z n , the SiX^ unit will comprise Si-0-(CH 2 ) m -Zn. 

30 The term "Z n ," as used herein, refers to a substituted or an unsubstituted polycyclic 

aromatic hydrocarbon moiety comprising n aromatic rings, wherein n is from 1 to about 6; 
e.g., phenyl, naphthalenyl, phenanthrenyl, anthracenyl, chrysenyl, pyrenyl, or coronenyl 
moieties, among others. In one embodiment, X is independently -O-, -OH, or -0-(CH 2 )-Z 3 , 
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provided at least one X is -0-(CH 2 ) m -Z 3 . In one embodiment, -(CH 2 ) m -Z 3 is a 9-anthracene 
methylene moiety (i.e., m = 1). 

The proportions of the various units of the resin can vary, provided that the mole 
fractions of each are between 0 and 1 (i.e., 0<a<l, 0<b<l,0<c<l, 0<d<l) and the 
5 sum of the mole fractions is 1. In one embodiment, the mole fractions have the values 0.3 < 
a< 0.7, 0.3 <b < 0.7, and 0 < (c + d) <0.6. 

The composition can further comprise an organic solvent. Exemplary solvents 
include, but are not limited to, 2-ethoxyethanol, l-methoxy-2-propanol, and propylene glycol 
monoether, among others. The composition can comprise from about 80% to about 99% 

10 solvent by weight. The composition can further comprise additional components useful in 
coating applications or in other applications for which the composition can be used. In one 
embodiment, the composition further comprises water. The composition can comprise from 
about 0% to about 15% water by weight. In another embodiment, the composition further 
comprises a non-volatile acid such as sulfuric acid (H 2 S0 4 ), which may facilitate the curing 

15 of the thin film at a moderately low temperature. The composition can comprise from about 0 
ppm (parts per million of total composition by weight) to about 500 ppm acid. 

In one embodiment, the present invention relates to a method for preparing a siloxane 
resin composition, comprising: 
20 (i) reacting a trialkoxysilane, a tetraalkoxysilane, and water in the presence of a 

hydrolysis catalyst, to form a first siloxane resin having HSi0 3/2 , Si0 4 /2, HSiX' 3/2 , and SiX'^ 
units, wherein X 5 is independently -O- or -OH, and having substantially no silicon-carbon 
bonds; and 

(ii) reacting the first siloxane resin with a compound having the formula 
25 HO-(CH2) m -Zn, wherein each m is independently an integer from 1 to about 5, and each n is 
independently an integer from 1 to about 6, to form the siloxane resin composition. 

In reacting step (i), a trialkoxysilane, a tetraalkoxysilane, and water can be reacted in 
the presence of a hydrolysis catalyst, to form the first siloxane resin. 

A 'trialkoxysilane," as used herein, is a compound having the formula HSiR 3 , 
30 wherein each R is independently a Ci-C 6 alkoxy moiety. Exemplary alkoxy moieties 
include, but are not limited to, methoxy, n-propoxy, and n-butoxy moieties, among others. In 
one embodiment, the trialkoxysilane is triethoxysilane (HSi(OCH 2 CH 3 ) 3 ). 
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A "tetraalkoxysilane," as used herein, is a compound having the formula SiR^ 
wherein each R is independently a C1-C6 alkoxy moiety as described above. In one 
embodiment, the tetraalkoxysilane is tetraethoxysilane (Si(OCH2CH3)4). 

The weight ratio of trialkoxysilanertetraalkoxysilane can be from 0:1 to 1:0. The 
5 higher the weight ratio of txialkoxysilane tetraalkoxysilane, the greater the mole fraction ratio 
of HSiC>3/2 t° SiC>4/2 units in the first siloxane resin. The trialkoxysilane and the 
tetraalkoxysilane may be referred to collectively as "alkoxysilanes." 

The amount of water in the reaction (i) can be from about 2 molar parts per molar part 
of alkoxysilanes to about 15 molar parts per molar part of alkoxysilanes. In one 
10 embodiment, the amount of water is from about 3 molar parts per molar part of alkoxysilanes 
to about 5 molar parts per molar part of alkoxysilanes. Though not to be bound by theory, 
the inclusion of water in the reaction (i) is believed to lead to the formation of silanol (Si- 
OH) moieties. Some, but typically not all, of the silanol moieties are believed to undergo 
condensation reactions with other silanol moieties (Si-OH + HO-Si) to form silica linkages 
15 (Si-O-Si) and water (H2O). The remaining silanol moieties remain condensed and thus are 
potentially reactive with alcohol moieties. 

Generally, alkoxysilanes are either not soluble in water or sparingly soluble in water. 
In light of this, the reaction (i) can be performed in an organic solution, by which is meant, 
the alkoxysilanes can be dissolved in an organic solvent in which they are either relatively 
20 highly soluble or miscible. In one embodiment, the organic solvent is 2-ethoxyethanol. In 
another embodiment, the organic solvent is l-methoxy-2-propanol. An organic solvent can 
be present in any amount sufficient to dissolve the other components of the reaction mixture. 
In one embodiment, the weight ratio of organic solventralkoxysilanes is at least about 10:1. 
In another embodiment, the organic solvent is present from about 70% to about 99% by total 
25 weight of the reaction mixture. 

Alternatively, the reaction (i) can be performed in suspension in aqueous solution, or 
in emulsion in aqueous solution, wherein in the latter technique an appropriate surfactant or 
cosolvent can be used to render the alkoxysilanes at least relatively highly soluble in aqueous 
solution. 

30 The temperature of the reacting step (i) is not crucial, provided it is a temperature at 

which the first siloxane resin can form. 

The duration of the reacting step (i) is not crucial, provided it is sufficiently long for 
the reaction to go to a desired level of completeness. 
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The reacting step (i) can be performed in the presence of a catalyst which promotes 
the reaction (a "hydrolysis catalyst"). The catalyst can be a base or an acid. In one 
embodiment, reacting step (i) can be performed in the presence of a mineral acid. Useful 
mineral acids include, but are not limited to, HC1, HF, HBr, HNO3, and H 2 S0 4 , among 
5 others. In one embodiment, the catalyst is HC1. The benefit of HC1 or other volatile acids is 
that a volatile acid can be easily removed from the composition by stripping after the reaction 
(i) is completed. The amount of catalyst may depend on its nature. For example, when the 
catalyst is HC1, 0.05% to 1% of HC1 by total weight of the reaction mixture can be used. 

The first siloxane resin will have substantially no silicon-carbon bonds, i.e., less than 
10 about 5 mol% of all atoms bonded to silicon atoms will be carbon. However, some few 
silicon-carbon bonds may form as a result of the reaction, such as through low levels of side 
reactions or by the presence of reactant contaminants having silicon-carbon bonds. 

In reacting step (ii), the first siloxane resin can be reacted with a compound having 
the formula HO-(CH 2 ) ra -Z n , wherein each m is independently an integer from 1 to about 5, 
15 and each n is independently an integer from 1 to about 6, to form the siloxane resin 
composition. 

Compounds having the formula HO-(CH 2 ) m -Z n are known in the art and frequently 
have dye properties, by which is meant they have relatively high extinction coefficients at 
one or more wavelengths of electromagnetic (EM) radiation, such as wavelengths within the 

20 ultraviolet region of the EM spectrum. A relatively high extinction coefficient leads to a 
relatively high absorbance and a relatively low transmission of EM radiation at the one or 
more wavelengths. In one embodiment, the compound having the formula HO-(CH 2 ) m -Z n is 
9-anthracenemethanol. In another embodiment, the compound is hydroxybenzyl alcohol. In 
yet another embodiment, the compound is benzyloxybenzyl alcohol. 

25 Reacting step (ii) can be performed by adding the compound having the formula HO- 

(CH 2 ) m -Z n to the solution, suspension, or emulsion containing the first siloxane resin. 
Optionally, compounds such as water or a non-volatile mineral acid, such as H2S04, can be 
added before or after the reacting step (ii). In one embodiment, the amount of water is from 
about 0 to about 15 weight parts per 100 weight parts of the total composition. In one 

30 embodiment, the amount of non-volatile mineral acid is from about 0 to about 500 parts per 
million parts of total composition in weight. 

The compound HO-(CH 2 ) m -Z n can be present at from about 1 wt part compound: 1 wt 
part first siloxane resin to about 1 wt part compound: 10 wt part first siloxane resin. 
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The temperature for reacting step (ii) is not crucial, provided it is a temperature at 
which the compound having the formula HO-(CH 2 ) m -Zn can react with silanol moieties of the 
first siloxane resin. In one embodiment, reacting step (ii) can be performed at a temperature 
from about 25°C to about the boiling temperature of a reaction component (the resin, the 
5 compound having the formula HO-(CH 2 ) m -Z„, the solvent if any, or the water if any, among 
other compounds whose presence in the second reaction mixture may be desirable). 

The duration of reacting step (ii) is not crucial, provided it is sufficiently long for the 
reaction of the compound having the formula HO-(CH 2 ) m -Zn with silanol moieties of the first 
siloxane resin to go to a desired level of completion. In one embodiment, the duration of 
10 reacting step (ii) can be about 10 min to about 60 min. 

Reacting step (ii) can be performed in the presence of a catalyst which promotes the 
reaction between the compound having the formula HO-(CH 2 )m-Zn and silanol moieties of 
the first siloxane resin. The catalyst can be a base or an acid. In one embodiment, reacting 
step (ii) can be performed in the presence of a mineral acid. 
15 As a result of reacting step (ii), the first siloxane resin is substituted with an 

-0-(CH 2 ) m -Z n moiety. Because this moiety has dye properties, the product can be referred to 
as a "dyed siloxane resin." 

Reacting steps (i) and (ii) can be performed sequentially or simultaneously. In 
simultaneous performance, the alkoxysilanes, the water, and the compound having the 
20 formula HO-(CH 2 ) m -Z n are reacted in the presence of a hydrolysis catalyst to form the dyed 
siloxane resin. 



In another embodiment, the present invention relates to a method of preparing an anti- 
reflective coating on a substrate, comprising: 
25 coating a composition onto a substrate to form a coated substrate, wherein the 

composition comprises a siloxane resin having the formula 
^8103^(8104/2)6(1181X3^)0(81X4^ wherein each X is independently -O-, -OH, or -O- 
(CH 2 ) m -Z n , provided at least one X is -0-(CH 2 ) m -Z n , wherein Z n is a polycyclic aromatic 
hydrocarbon moiety comprising n aromatic rings, wherein each m is independently an integer 
30 from 1 to about 5, and each n is independently an integer from 1 to about 6;0<a<l,0<b< 
I,0<c<l,0<d<l,anda + b + c + d=l;and 

curing the coated substrate, to form the anti-reflective coating on the substrate. 

In the coating step, the composition has been described above. The presence of -O- 

(CH 2 ) m ~Zn in the siloxane resin imparts anti-reflective properties to the siloxane resin. The 
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substrate can be any material which it is desirable to coat with the siloxane resin of the 
composition. In one embodiment, the substrate is a semiconductor wafer, such as a silicon 
wafer. Typically, the wafer can comprise at least one semiconductive layer and a plurality of 
other layers comprising various conductive, semiconductive, or insulating materials. 

Coating can be performed by any appropriate technique. In one embodiment, the 
coating can be performed by coating. Typically, coating involves spinning the substrate, 
such as at about 2000 RPM, and adding the solution to the surface of the spinning substrate. 

The coated substrate is cured to form the anti-reflective coating on the substrate. 
Curing generally comprises heating the coated substrate to a sufficient temperature for a 
sufficient duration to lead to curing. In one embodiment, the coated substrate can be heated 
at about 50°C to about 300°C for a duration of about 0.1 min to about 60 min. In another 
embodiment, the coated substrate can be heated at about 150°C to about 275°C for a duration 
of about 1 min to about 5 min. 

To protect the dyed siloxane resin of the coated composition from reactions with 
oxygen or carbon during curing, the curing step can be performed under an inert atmosphere. 
An "inert atmosphere," as used herein, is a gas or mixture of gases, substantially devoid of 
gases containing oxygen and gases containing carbon. The inert atmosphere can comprise 
nitrogen, a noble gas, or a mixture thereof. In one embodiment, the inert atmosphere consists 
essentially of nitrogen, with other components, if any, being typical contaminants of 
industrial-grade or research-grade nitrogen. 

Once cured, the substrate comprising the anti-reflective coating can be used in further 
substrate processing steps, such as photolithography. 

The following examples are included to demonstrate preferred embodiments of the 
invention. It should be appreciated by those of skill in the art that the techniques disclosed in 
the examples which follow represent techniques discovered by the inventor to function well 
in the practice of the invention, and thus can be considered to constitute preferred modes for 
its practice. However, those of skill in the art should, in light of the present disclosure, 
appreciate that many changes can be made in the specific embodiments which are disclosed 
and still obtain a like or similar result without departing from the spirit and scope of the 
invention. 

Example 1 

Siloxane resin samples 1-1 through 1-11 were prepared by combining in a glass 

container components (A) 2-ethoxyethanol, (B) 8.4% HC1/H 2 0 solution, (C) triethoxysilane, 

(D) tetraethoxysilane and (E) methyltrimethoxysilane in the amounts described in Table 1. 
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The resulting solution was heated under reflux for 10 minutes. (F) 10% aqueous sulfuric acid 
was added according to Table 1. The reaction product was stripped of volatiles under reduced 
pressure at 70°C until the solid content became 2.64%. 



Table L Preparation of siloxane resin samples. 
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Example 2 

Dyed siloxane resin samples 2-1 to 2-6 were prepared by mixing 1.42 weight parts of 
9-anthracenemethanol, 100 weight parts of a resin solution and 11.4 weight parts of water 
according to Table 2 and heating the mixtures under reflux for 40 minutes. The products 
were filtered through 0.2 \xm filters, spin-coated on silicon wafers at 2000RPM, cured at 
200°C for 3 minutes in nitrogen using a Rapid Thermal Processor. The cured coatings were 
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tested for optical extinction coefficients using a Woolam Elliposometer, and tested for HF 
etch rate by treating the films with 0.2% aqueous HF for 2 minutes, rinsing with water and 
then 2-ethoxyethanol solvent, and testing thicknesses before and after etch. The results were 
summarized in Table 2. Example 2-1 to 2-6 demonstrated that dyed siloxane resins 
5 containing substantially no Si-C bonds in an organic solvent led to films that can retain their 
optical properties after thermal cure and have high HF etch rates. 

Table 2. Preparation and characterization of dyed siloxane resin samples having 
substantially no Si-C bonds. (K is extinction coefficient). 
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10 

Comparative Example 3 

Dyed siloxane resin samples C3-1 to C3-5 were prepared by mixing 1.42 weight parts 
of 9-anthracene-methanol, 100 weight parts of a resin solution having substantial Si-C bonds 

15 shown in Table 3, and 1 1.4 weight parts of water and heating the mixtures under reflux for 
40 minutes. The products were filtered through 0.2 Jim filters, spin-coated on silicon wafers 
at 2000RPM, and cured at 200°C for 3 minutes in nitrogen using a Rapid Thermal Processor. 
The cured coatings were tested for optical extinction coefficients using a Woolam 
Elliposometer and tested for HF etch rates by treating the films with 0.2% aqueous HF for 2 

20 minutes, rinsing with water and then 2-ethoxyethanol solvent, and testing thicknesses before 
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and after etch. The results were summarized in Table 3. Comparative Examples C3-1 
through C3-5 demonstrated that siloxane resin-based compositions having large fractions of 
Si-C bonds led to films having low HF etch rates. 

Table 3. Preparation and characterization of dyed siloxane resin samples having large 
fractions of Si-C bonds. (K is extinction coefficient). 
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All of the compositions and methods disclosed and claimed herein can be made and 
executed without undue experimentation in light of the present disclosure. While the 
compositions and methods of this invention have been described in terms of preferred 
embodiments, it will be apparent to those of skill in the art that variations may be applied to 
the compositions and methods and in the steps or in the sequence of steps of the methods 
described herein without departing from the concept, spirit and scope of the invention. More 
specifically, it will be apparent that certain agents which are chemically related may be 
substituted for the agents described herein while the same or similar results would be 
achieved. All such similar substitutes and modifications apparent to those skilled in the art 
are deemed to be within the spirit, scope and concept of the invention as defined by the 
appended claims. 



-11- 



